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Introduction
Iran is among the top ten disaster-prone countries and in this term it suffers many casualties annually. Statistics support this finding that in average one severe earthquake higher than 7 in Richter scale would happen in this country every 10 years [1] . Heterogeneous texture, non-familiarity of the earthquake, incorrect protection of buildings along with nonstandard planning and execution with the earthquakes which occur sometimes, had led to irretrievable life and material losses. The earthquake of 26 December 2003 in Bam is one of such happenings. In this earthquake more than 80 percentage of the Bam City itself, along with surrounding villages, was severely destroyed and more than 4000 persons lost their lives [2] . Giving an index for failure is a subject which has attracted researchers attention for more than three decades. For this purpose and knowing the failure indices of a structure we may understand the structure behavior in a correct way and apply to regulate its risky margins. On the other hand to control the current condition of a structure the knowledge of its failure method would be necessary for giving an improvement plan. In other words, finding a damage index in a structure makes it clear what level the given structure would resist against side forces like earthquake. This would be more important when we try to prepare an improvement plan for an area. In such a case, the manager of a strengthening program will provide programs with a lower risk. Background of activities taken for determination of damage index goes back to the early years of the 70s. In 1972, Vitman showed that using the ground movement intensity and damages of buildings upon the ratio of expenses and repair, we may determine an index for failure [3] . In 1979 and upon two qualitative criterion, final deformation and coefficients of effects, another method was given by Bertero and Brokken [4] . In 1985, Park and Ang gave a newer method upon maximum possible deformation of a member and final deformation with their combination with the maximum absorbed energy [5] . This method was completed with the addition of end turning effect. In 2000, Iemura showed damage index should be considered before structure analysis and during the application of structural limitations. They gave a new relation based on Park and Ang relation (1985) and the level of doctility [6] . In 2001, Honglin gave a modern method based on the collected data from GIS system [7] . This method was an innovation upon which the damage index was evaluated in an area in a qualitative manner. In the same year, Bozorgnia and Bertero gave two separate indices of structure failure for structures. Such relations have been clearly compiled with the performance-based design [8] . In 2003 Reinhorn et al. defined a damage index upon which the fatigue is directly incorporated in calculations [9] . In 2004, Papadopoulos et al., with a simple and accurate method, introduced an exact method for calculation of damage index which is quicker and simpler than prior methods [10] . In 2005, Colombo and Negro gave a method for calculation of damage index, which has been used independently from material [11] . So it is an innovation in this field. In the same year, Jeong and Elanashai introduced three dimensional (3D) damage index for the first time. This method, in addition to consideration of side variation, includes vertical displacement simultaneously. In other word, analysis of sensitivity would be possible [12] .
In recent years, many experimental and analytical studies have been conducted on Cold-Formed Steel (CFS) profiles, members and framing systems. Xu and Tangorra [13] presented the experimental results of a study carried out at the University of Waterloo on vibration characteristics of cold-formed steel which is used to support lightweight residential floor systems. Al-Kharat and Rogers [14] presented an experimental overview of the inelastic performance of sixteen 2.44 m × 2.44 m cold-formed steel strap-braced walls that were not designed according to a strict capacity-based design. Using monotonic and reversed cyclic loading protocols, they showed that if the capacity design principles are not considered, it will be possible that the performance of the walls to be affected by the holddown detail, which, in many cases, did not allow the test specimens to reach or maintain a yield capacity and severely diminished the overall system ductility. In collaboration with the author, Dan Dubina [15] have undertaken a number of researches in the last few years at the Politehnica University of Timisoara on the performance and characterization the specific features of light steel framed structures. Moghimi and Ronagh [16] worked on the performance of different light-gauge cold-formed steel strap-braced stud wall arrangements subjected to cyclic on a total of twenty full-scale 2.4 m × 2.4 m specimens. This paper presents a novel seismic damage index for a LSF system under earthquake ground motions using Finite Element Analysis (FEA).
Definition of the general terms of light steel frame (LSF)

Channel beam (runner) members
These members are horizontally installed in the walls of cold rolled buildings at the floor and roof and guide walls and are the interface between the floor and roof.
Orthogonal members (stud)
These members are placed vertically at a distance of 40 to 60 cm in the channel beam and are attached to the channel beam with screws, rivets or welding and transfer vertical and lateral loads to the supports in the form of a composite panel. Fig. 1 shows channel beam (runner) and vertical (stud) members [17] .
Strap brace
These members bear lateral load on the system. Fig. 2 shows a light steel structure frame with a brace.
Yield point, tensile strength and stress-strain curve
The strength of cold rolled steel structural members depends on the yield point or yield strength, except in connections and cases where local elastic buckling or overall buckling is critical. The yield point of the steels listed in AISI criteria are between 24 ksi to 80 ksi (165 Mpa to 552 Mpa) [18] .
Stress-strain curve
There are generally two types of stress-strain curves, as shown in Fig. 3 .
One is the sharp-yielding type ( Fig. 3a ) and the other is gradualyielding type (Fig. 3b ). Cold-rolled steels are of gradual-yielding type [18] .
Shaping methods
Three methods are generally used in the production of cold rolled sections: The combination of these advantages can lead to significant economic savings in the construction [18] .
Calculation of damage index
Colombo and Negro relation
In 2005, Colombo and Negro gave the most advanced and complete relation for calculation of damage index [11] . This method is based upon material fracture theory. So it is independent from the material used in the structure. Colombo 
In Eq.1, DI stands for damage index, M ac in the amount of attracted force at the time of fracture and M y0 stands for the attracted force for yielding. To calculate the M ac we should use many relations which include many sub-relations. Using this relation would undoubtedly require accuracy and making laboratory models and numerical methods. So while we have no doubt about the high accuracy of this method, it is hard and expensive for the engineers and researchers to use it. For this reason Papadopoulos and his colleagues recommended other relations which are simple and have a high precision and speed.
Papadopoulos and his colleagues relation (2003)
Compared with other methods and in addition to accurate calculations, it is quick and easy to use relation. So it is introduced as an effective method in the calculation of damage index. The basis for obtaining the damage index, using Papadopoulos method is threefolds: a) Calculation of maximum displacement of structure using static, dynamic or spectral analysis. b) Calculation of displacement equal to the first plastic joint in one of the column. c) Calculation of displacement equal to the first plastic joint in the first level column. In other words, finding the maximum displacement while the failure has taken place. Papadopoulos recommended Eq.2 for the calculation of damage index [10] .
In Eq.2, GDP 1 is the damage index (or in other words, damage index based upon plastic joint), d r is the maximum displacement of the structure upon static, dynamic or spectral analysis, d y is the maximum displacement equal to the first plastic joint in one of the column and d f is the maximum displacement equal to the plastic joint formed in the first level column of the structure.
Supply of qualitative-quantitative damage index for LSF systems
As noted, there are many methods for calculation of damage index in buildings and there is no doubt that all such relations are important and reliable. But the major problem is that using such relations to determine the risk of occurrence in an urban area is a hard and expensive task. Heterogeneous texture of buildings may be counted as the major reasons for this justification. So we should use other methods to obtain a risk interval in an area so as having a precise result as the basis for decision making, we may obtain suitable speed.
On this basis, we should study the effective factors in structure failure in the prior earthquake again and determine and weigh the effective factors. In this case determination of damage index in terms of quality for improving the decision making process for renovation of buildings in a given area would be a practical and functional method. Study of prior earthquakes in Iran shows that the effective factors in structural failure are: foundation problems and subsoil, architectural problems, structure problems, connections and nonstructural elements. 1 Global Damage Plastic. To give a new method for calculation of damage index we should first process the views of scientists and researchers in this field upon Delphi statistical method.
Survey of experienced structural engineers and professors with the Delphi method
Delphi method
The Delphi method is a consensus of experts on a particular issue. In this method, the manager or person in charge of solving the problem prepares a form and writes the desired questions in it. He then hands them out among all experts and asks them to fill it in a certain time. After collecting the form, he summarizes and categorizes them and resends them to all of the experts keeping the participants anonymous. In this method, experts will have the opportunity to revise their opinions and this cycle will continue until experts have an opportunity to review their forecasts and ultimately reach consensus on the subject [19] . Fig. 4 shows the theoretical framework of the Delphi technique in qualitative research.
The form used in determining qualitative index
To develop the questionnaire for the proposed method, a survey form was prepared based on the parameters of seismic assessment guidelines for existing buildings and also difficulties encountered in the samples of existing buildings in District 8 of Tehran according to Table 1 . The form was sent to 50 experienced structural engineers and professors. They were asked to identify the effect of these factors on the seismic behavior of buildings in percentage.
Qualitative method for the damage index of existing buildings in Iran
Since the Delphi method is the basis of the survey, after conducting the survey with the Delphi method, evaluation factors in the questionnaire were weighed by analyzing expert opinions and the problems of buildings in the studied area, as shown in Table 2 .
Finally, by comparing the accrued coefficients (final index of vulnerability) resulting from the proposed method and Table 3 , a decision must be made on how to deal with the evaluated building.
Studies performed upon damage index given by the corrected relation of Papadopoulos et al.
In this research, 3 LSF systems were chosen for three-dimensional (3D) analysis with an irregular plan. The 3D view of the FE structural models are shown in Fig. 5 . [19] .
Table 1
Form used in this study.
NO.
Question Impact percentage on damage to buildings 1 Foundation problems, such as improper design and implementation 20 2 Structure and diaphragmatic problems, such as improper design and implementation 17 3 Architectural problems, such as lack of symmetry in the plan and elevation, creating short column, creating a soft floor, isolation joint and mass distribution in elevation 25 4
Connection problems, such as improper welding, non-compliance with reinforcement patch and non-compliance with design and implementation assumptions 33 5
Problems in infill panels, facade, and facilities 5
Seismic conditions
Upon divisions of building design resistant against earthquake, they should be constructed on type II soil. As the site of samples is located in a high-relative risk area the acceleration value (A) is considered to be as 0.35.
Introduction of software
SAP2000 was used for light steel structure modeling and nonlinear static analysis. The reasons are as follows: 1. This application uses the finite element method; 2. In this application, some cold rolled sections and features are pre-defined; 3. The AISI regulation is considered in the design of cold-rolled elements. Fig. 6 shows the AISI regulation and cold rolled sections in SAP.
These buildings include various plans and were designed based on LRFD method according to AISI standard [18] . They were located in the high-damage risk zone of Tehran City. The main frame of the wall panels were made of cold-formed steel elements, top and bottom tracks were made of U204/2.0 profiles (that is, U shape with 204 × 100 dimension and 2.0 mm thickness), and studs were made of C200/2.0 profiles, fixed at each end to track with self-drilling selftaping screws. In these buildings, using cement-board sheet as Table 3 Vulnerability intervals and suggesting a way to deal with the evaluated building.
Limits of changes Solution 0-0.2 Without the need for structural strengthening. 0.2-0.4
Strengthening is required. 0.4-0.8
Strengthening is required, but it is necessary to consider the economic feasibility of the project. 0.4-0.8
Buildings must be demolished and rebuilt.
cladding, the sheets were placed horizontally with a useful width of 1200 mm. Cement-boards sheet was fixed to the wall frame using special self-tapping screws. The number of screws is determined to avoid failure at strap-end fixings and facilitate yielding. 10 mm OSB panels (1200 × 2440 mm 2 ) were placed similarly as the gypsum panels in internal spaces of building. They were installed only on the 'external' side of the panel and fixed to the frame using buglehead self-drilling screws of d = 4.2 mm diameter at 1 mm intervals. It should be noted that different experimental tests were conducted on the cold-formed profiles at the Mechanics Laboratory of Sharif University of Technology.
Tests on light steel frame (LSF)
These tests include compressive axial loading test, tensile test for samples taken from the sent beams, transverse load test on the beams and hardness test on the samples taken from the beams.
Compressive axial load test
In this test, the sections of the sent beams include the two types shown in Fig. 7 . During the test, the lower end of the column was placed on a flat sheet and then compressive axial force was applied on the higher end through a flat sheet.
The test results are shown in Table 4 .
Tensile test for samples taken from the beams
In this test, the sections of the beams include the same two types shown in Fig. 7 .
The results of tensile test for samples taken from Type A and Type B sections are shown in Tables 5 and 6.
Transverse load test on the beams
The loading types are the same two types shown in Fig. 8 . The transverse load test results are shown in Table 7 .
Hardness test for samples taken from the beams
The hardness results for the samples of Type A and Type B sections are shown in Tables 8 and 9 . Fig. 9 shows tests on the cold rolled sections. Table 10 presents the material properties according to the laboratory results.
Calculating the earthquake force
According to AISI standard [18] , the base shear force (V) of light steel structures is calculated by Eq.3: 
V CW =
where V is shear force at the base level, W is the weight of the entire building, including all dead load and weight fixed facilities plus a percentage of the live load and snow load, and C is the seismic coefficient which is obtained by Eq.4:
where A is the basic acceleration of the plan (earthquake acceleration to gravity g), B is the building reflection coefficient which is obtained using the reflectance spectra of the plan, and I is the importance coefficient of the building and R is the behavior coefficient of the building.
Parameters required for the calculation of shear force at the base level for three LSF system models are shown in Table 11 . V is basic shear force in Newton,Wis the structure weight in kilograms, C is seismic coefficient, A is the base acceleration, I is coefficient of importance, R is behavior factor of the frame, H is the structure height in meters, B is reflection coefficient and T is the time period in seconds.
Static analysis of three dimensional models
Upon performed static analysis for LSF systems following the 4 versions of Iranian 2800 standard [20] , it was made clear that the maximum displacement ( d r ) in roof level for LSF systems would be as per given in Table 12 .
Non-linear static pushover analysis
The relationship between the base shear and the top storey displacement, which is generally known as pushover curve or capacity curve, can be obtained by gradually increasing the lateral load which is appropriately distributed over the storeys. There can be many alternatives for the distribution pattern of the lateral loads, and different patterns of lateral loads may result in pushover curves with different characteristics and different sequence of plastic hinge formation. Non-linear static pushover analysis was undertaken to evaluate the global yield limit state and the structural capacity by progressively increasing the lateral storey forces proportional to the fundamental and equivalent modes. The post-yield stiffness of the beams and columns was assumed to be 3% of the initial stiffness. The limit state of a structure is defined by both the systemlevel criterion (maximum inter-storey drift ratio) and the memberlevel criteria (limit states for beams or columns). In the FEMA-450 [21] , the maximum inter-storey drift ratio of 2.5% is generally specified as the Collapse Prevention (CP) limit state for the framed structures. The pushover curve in Fig. 10 depicts the force and the corresponding displacement in the LSF building when pushed to failure during the non-linear static procedure. Assigning such joints to beams and columns and doing non-linear static analysis, it appears that the maximum displacement equal to the first plastic joint in one of the columns ( d y ) and the value for maximum displacement equal to the first plastic joint in the first level column ( d f ) (which means the structure failure for samples) would be as given in Table 13 . Upon FEMA-450 Instructions, which is a reference in nonlinear static analysis of LSF system, non-linear joints are defined as the curve for force displacement. Although those curves loaded to computer analysis program in this form should be the results from different tests on different structures. In construction materials like Lightweight Steel Framing, in most of the cases, the rupture from sectional and general buckling would occur before the rupture from final limit of strain, for this reason using the force displacement curves with a rupture point extracted upon sectional buckling would be reasonable. In FEMA-450 Instructions, specifications for standard non-linear joints are given.
According to the sections used in three light steel structure (LSF) studied in this research, based on the seismic design regulation FEMA-450 for moment frame columns used in these structures (Studs were made of C200/2.0 profiles), the plastic hinge type is axial force-two moments behavior (Default-PMM). Moreover, for the moment frame beams used in these structures (Runners were made of C150/1.0 profiles) which have flexural behavior, the plastic hinge type was selected with the flexural behavior (Default-M3).
According to the modeling parameters table and acceptance criteria in nonlinear methods, the FEMA-450 instruction is the same for all runners of light steel structures despite the difference in sections, modeling parameters and acceptance criteria, thus only one plastic hinge is defined by the following characteristics.
Modeling parameters: Hardness results of the samples of Type A section.
Sample surface conditions
Test NO.
Hardness (HV30)
The main surface  1  128  2  126  3  127  The stoned surface  1  138  2  142  3  138 Acceptance criteria:
where (a) and (b) are plastic rotational angle, radian and (c) is residual stress, IO is immediate occupancy, LS is the level of life safety and CP is the collapse prevention. Fig. 11 shows the plastic hinge of flexural behavior type (Default-M3) for runners with the sections C150/1.0 and C100/1.0 used in all three light steel structures.
According to the table for modeling parameters and acceptance criteria in nonlinear methods of the FEMA-450 instruction, since the C200/2.0 section is used for the studs of light steel structures on the first floor, and C100/1.0 and C150/1.5 studs are used in the upper floors, two plastic hinges are generally defined for studs.
Since P P CL = 0 5 . where P is the axial force of the column calculated in nonlinear analyses with regard to the non-linear behavior of the structure and P CL is the lower bound of compressive strength of the column is calculated based on Eq.5. where F a is the allowable axial compressive stress and A is the cross-section of the desired column.
P
A F CL a = * 1 7 .
Given that the non-linear analysis has not yet be done and the axial force (P) resulted from the pushover analysis is not available, either P P CL < 0 15 . or 0 15 0 50 .
. < < P P CL must be considered as default, and then the modeling parameters and acceptance criteria for columns must be obtained accordingly. After the pushover analysis, the axial force (P) resulted from the pushover analysis is extracted and the actual value of P P CL is obtained. In the present study, 0 15 0 50 .
. < < P P CL for all of studs.
Thus for all the studs in the first floor in which all three light steel structures use the section C200/2.0, plastic hinge is defined with the following characteristics:
Modeling parameters: a P CL = * − * ( ) = . P CL where (a) and (b) are plastic rotational angle, radian and (c) is residual stress, IO is immediate occupancy, LS is the level of life safety and CP is the collapse prevention. Fig. 12 shows the plastic hinge with the axial force-two moments behavior (Default-PMM) for the C200/2.0 stud used in all three light steel structures.
Moreover, for all the studs in the second floor and above for all three light steel structures in which the sections C100/1.0 and C150/1.5 are used, plastic hinge is defined with the following characteristics:
Modeling parameters:
Acceptance criteria: Hardness results of the samples of Type B section.
Sample surface conditions
Hardness (HV30)
The man surface  1  126  2  128  3  129  The stoned surface  1  135  2  136  3 135 Fig. 9 . The performed different laboratory tests on the cold-formed profiles. where (a) and (b) are plastic rotational angle, radian and (c) is residual stress, IO is immediate occupancy, LS is the level of life safety and CP is the collapse prevention. Fig. 13 shows the plastic hinge with the axial force-two moments behavior (Default-PMM) for the studs with sections C100/1.0 and C150/1.5 used in all three light steel structures. Fig. 14 depicts a maximum displacement equal to the first plastic hinge in one of the columns ( d y ) and maximum displacement equal to the first plastic hinge the first level column ( d f ) using nonlinear static analysis.
Corrected Papadopoulos et al. Relationship
Papadopoulos et al. Relationship, while being simple, has been proposed by them as an experimental-numerical method. So suing this relation would challenge the engineers and researchers. Then for changing this relation into a simple numerical, static analytical and nonlinear relation, it was used by the authors of this paper. In this analysis, d r is the maximum displacement equal to the first plastic joint formed in one of the columns and d f is the maximum displacement equal to the first plastic joint formed in the first level column of the structure. So Eq.2 is changed into a numerical relation.
From other point of view, Papadopoulos did no based geotechnique seismic effects in his research. Therefore, factors related to the type of soil must be considered in the calculation of the damage index.
Application of factors related with the soil type to the damage index
Once the Papadopoulos et al. Relationship has been applied and the buildings vulnerability index has been determined, the influence which the underlying soil has on the damage index is considered.
To determine the amplification factors of damage index, it is necessary to use the following soil classification system, which is based on depth of rock, the characteristics of the strata and the V is basic shear force in Newton, W is the structure weight in kilograms, C is seismic coefficient, A is the base acceleration, I is coefficient of importance, R is behavior factor of the frame, H is the structure height in meters, B is reflection coefficient and T is the time period in seconds.
Table 12
Computed value (dr).
Title dr (mm)
Model ( topography of the land on which the building is located. This information will be taken from the geotechnical studies available. For this, soil profiles are divided into 4 types: S1, S2, S3 and S4. Profiles S1, S2 and S3 are the same as defined in Covenin-Mindur standard 1756-80-82, chapter 6. Profile S4 is for soils where the liquefaction potential has been suppressed or diminished.
As for the topography of the land, there are three representative configurations that influence the damage index, namely: flat, on a slope, on a slope with landfill.
The damage index amplification factors associated with soil profile ( r 1 ) and topography ( r 2 ) are shown in the following tables [22] :
The damage index (DI) will be calculated with the formula:
where V is vulnerability of the LSF system, based on Papadopoulos et al. Relationship, and r 1 and r 2 are the values obtained from previous tables. So with the broad studies taken place by the authors of this paper, relation2 is corrected as relation7. 
In Eq.7, r r 1 2 , are the correction coefficients describing the seismic geotechnical effects. With exact calculations upon classification of given soil in UBC-97 code and Covenin-Mindur standard 1756-80-82, the r r 1 2 , coefficients would be given as Table 14 and Table 15 . After calculating the index from the aforesaid method, if the calculated GDP r value is lower than 0.2, the related structure may need to be repaired or strengthened. The GDP r with a value of more than 0.2 and lower than 0.4, means that the structure needs improvement.
If the calculated value is more than 0.4 and less than 0.8, the improvement is obligatory while economic considerations should also be noted, and GDP r of more than 0.8 means the structure destruction.
Given that the site land for light steel structures is the soil type S2 and the structures are topographically located on flat ground, r 1 and r 2 coefficients are 1 and 1.2, respectively. The damage index for light steel structures under study is calculated with Eq.8.
GDP d d d d
r r y f y = * * − − 1 2 1 .
Considering the presented values of d y , d r , d f and r r 1 2 , , the values of (GDP) and GDP r would be as given in Table 16 .
Comparison of results obtained from seismic damage index given by corrected Papadopoulos relation and qualitative seismic damage index (Table 2)
Completing Table 2 for LSF systems under study we find that qualitative seismic damage index for samples (1), (2) and (3) are respectively equal to 0.59, 0.28 and 0.55. So the results from Table 2 have a high precision. Then the two given methods are in agreement in the building conditions for strengthening. In other words both methods show that their intervals are in the same row.
Results
-Papadopoulos method is a relatively functional method against other methods, in calculation of LSF systems seismic damage index but this is based on the experimental-numerical method. -Papadopoulos method, like many other methods, is not complete since it does not include the seismic geo-technique effects. -The given method in this paper is changed into a simple method of suitable accuracy by correction and completion of prior method. -In the given way, this method is changed into a numerical method.
-By statistical analysis and collecting relative professors' views, a functional method is given for the first time in this paper in the form of a qualitative method with suitable accuracy for LSF systems. -Doing case studies we found that the difference between corrected Papadopoulos method (corrected by the authors of this paper) with given qualitative method for sample LSF models would be 3.3%, 7.1% and 5.2%for (1), (2) and (3) LSF models respectively. -Considering the results from numerical study we found that a new solution has been given for estimation of LSF systems condition to see if we need strengthening.
In case of using the results from current study, many decisions which are based upon engineer justification would be changed into scientific and reasonable decisions. 
Table 14
The values of amplification coefficient describing the soil profile [22] .
Soil Profile (UBC-97)
Amplification Factor (r1) S1
1.0 S2 1.2 S3
1.5 S4
2.0
Table 15
The values of amplification coefficient describing the topography [22] .
Topography
Amplification Factor (r2) Flat 1.0 On a slope 1.2 On a slope with landfill 1.5
Table 16
Calculating GDP, GDPr.
Title GDP GDPr
Model(1) 0.51 0.61 Model (2) 0.21 0.25 Model (3) 0.48 0.58
Conclusion
This study first used the Papadopoulos relationship to determine the seismic damage index of light steel structures (LSF). Since this relationship does not consider seismic geotechnical effects, it was modified by the authors to modified Papadopoulos relationship where r 1 and r 2 coefficients, that are respectively related to soil type and topography of the area, were considered. Then, using expert opinions and based on the statistical Delphi method, the new method called qualitative damage index was presented that has both good accuracy and speed. The difference between the quantitative damage index (modified Papadopoulos relationship) and the qualitative damage index for the light steel structure is about 5%. Moreover, using the modified Papadopoulos relationship and the proposed qualitative damage index assessment, since the damage index of Model 1 and Model 2 is between 4.0 and 8.0, improvement is necessary for these light steel structures. However, economic considerations must also be taken into account. Since the damage index for Model 2 of the light steel structure is between 0.2 and 0.4 according to both qualitative and quantitative methods of damage index calculation, this structure must also be rehabilitated.
